Winter snow cover at Austre Okstindbree n is influ enced strongl y by patterns of atmospheric circulation , and by air tempera tures during precipitation. Differences of circulation over the North Atlantic and Scandinavia during the winters of 1988-89 and 1989-90 were reflected in the ionic and iso topic corn posi tion of snow that accumulated at the glacier. Early summer ablation did not remove, or smooth out, all the initial stratigraphic differences. In the first half of the 1988-89 winter, most air masses took a relatively short route between a ma rin e so urce and Okstindan; late winter snowfalls were from air masses which had taken a longer continental route. Th e snow that accumu lated in th e first half of th e 1989-90 winter was associated with air masses whi ch had follow ed longer co ntinental routes, and so bro ught higher concentrations of impurities from forests , lakes and crustal materi a l. The ab la tion season began earli er in 1990 than in 1989, and summer winds and rain supplied more impurities to the snowpack surface.
INTRODUCTION
Austre Okstindbreen I S th e largest glacier of the Okstindan area, northern Norway (Fig. I ) . The river water which discharges from it in summer is supplied by bo th melting gla cier ice a nd melting snow . Th e proportions of ice meltwater and snow meltwater differ from one year to another, depending principally on climatically driven mass-balance variations. Knowledge of the contributions made to total discharge by ice and snow is need ed , beca use the water is used to generate hydro-electric power. Analyses of 1350 water samples collected at the glacier between 1980 and 1988 revealed that accumulation area sources, strongly depleted of the heavy isotope of oxygen, 18 0 , mad e a major contribution to discharge (Theakstone, 1991 ) . Knudsen ( 1990 ) reported year-to-year variations of the four major ca tions (Na +, K +, Ca 2 +, Mg 2 + ) present in river water emerging from Austre Okstindbreen , a nd concluded that they resulted from the differing contributions of snow melt and ice melt to river discharge. Both the isotopic composition of the snow which accumulates at Austre Okstindbreen and the ioni c concentrations in it reflect prevailing climatic conditions during the winter period. In general, winters with lower air temperatures produce snowpacks which are more depleted of 18 0 than are those which are deposited in milder years. The ai r masses from which precipitation falls on the glacier have different moisture so urce a rea and follow different routes to Okstind a n. Those which reach the a rea from the south or southwest have a longer overl a nd passage than have those which a rrive from the north or northwest (Fig. I ) . This pa per focuses on snow pack variations at Austre Okstindbreen in rela tion to differences of air mass circulation over the North Atlantic and Scandinavia during th e winters of 1988-89 and 1989-90. A companion p a p er (R a b en and Th eak sto n e, 1994) dea ls with altitudinal a nd seasonal variations of composition of the snowpack.
THE OKSTINDAN AREA
Okstindan (66 0 N ) is some 60 km east of the Norwegian coast a nd 35 km south of the town Mo i R a na. Ice divides at a bout 1510m separate the southern part of Austre Okstindbreen's accumulation a rea from glaciers which flow westwards and southwards. At the western ma rgin, th e Okstind en-Okskalvan range, which rises to 1804 m, is bro ken by cols a t 1580-1420 m ( Fig. I ) . At the eastern ma rgin , a mountain chain with a north-south trend includ es Oksskolten (1915 m), the highest mountain of northern Norway. Although th ere is some perma nent snow on the mountain slopes up to 1700 m, most of the 14 km 2 accumul a tion a rea is below 1500m (Knudsen, 199 2) . The mean equilibrium-line altitude is close to 1200 m, but some residual snow is normally present in summer at a round 1000 m, close to the head of the valley, Leirska rd alen, at the wes tern margin of the glacier . The glacier termina tes a t 730 m . Between 1200 m and 1000 m it is steep a nd heavily crevassed.
CLIMATE AND SNOW ACCUMULATION AT OKSTINDAN
There are no perma nent meteorological stations in the Okstindan a rea. Air tempera ture a nd precipita tion are recorded daily a t M o i Rana, which lies a t the head of the R a nafjord , a t a bout 30 m a .s.l. Annual snow accumulation, d etermined a t Austre Okstindbreen as part of a progra mme of mass-balance studies (Knudsen, 1992) , usually begins in September and little melting occurs before June. Normally, more precipitation falls during the first half of the winter (O ctober-M ay) tha n in the second, a nd Janu a ry is the coldest month ( Fig. 2) . Winter accumulation is genera lly more tha n twice the precipitation a t M o i Rana in the same period. The proportion of th e total snow which accumula tes in each month is es tim a ted from the M o i R a na data (Fig. 2) . Local topography influences the ex pos ure of the glacier to precipitation-bearing air masses. Air masses which fo llow lo nge r overland ro utes to Okstind a n acquire more impurities from forests, lakes a nd crustal material than do those which have a shorter continental route from a ma rine so urce.
M o re tha n one third of th e 1988-89 winter precipita tion a t M o i R a na fell in the first three months, which were relatively cold ( Fig. 2) although , in D ecember, mild air was carried into Scandinavia along the northern side of the Azores high , which was displaced to the north . In J a nu a ry the Azores high extend ed still further to the north east, whilst th e I celand low was unusually deep. T hese conditions led to mild , wet weather in Scandinavia: Winter precipitation was more evenly distributed in 1989-90 than in the previous year.
more than one qu a rter of the winter's precipitation a t M o i Rana fell in this month. The las t half of the winter was rather mild . In April a nd M ay, high-latitude high pressure was domina nt and precipita tion was below average. About 30% of the 1989-90 winter precipita tion fell in December a nd J a nu ar y, th e two cold es t months. Air masses which resulted in snowfall during th e first half of the winter generally had a longer overla nd passage, from the south or southwest, th a n those which had res ulted in snowfall in the sa me period in 1988-89. March a nd April were mu ch wetter th an in 1989, as the I cela nd low extended well to the east, north of Scandinavia . The ablation season began earlier in 1990 tha n in 1989, and summer ablation was more ra pid tha n in the previous year. The differences of a tmospheric circula tion in th e two winters influ enced both spatial and temp oral varia tions of the chemical composition of the snow pack a t Austre Okstindbreen . Table 1 . Snow pits at Austre Okstindbreen, 1989 and 1990 (N, number of samples; L , length of samples; Sampling date, year, month, day 
SAMPLE COLLECTION AND ANALYSIS, 1989
AND 1990
In July 1989 sampling was undertaken at three pits (Fig. I, Table I ). At the highest (14S0 m a.s.l. ), the previous summer's surface was at a depth of about 6 m. The other pits reached glacier ice. The pit at 1000 m was in a zone of residual net accumulation below the general level of the transient equilibrium line; the site is more exposed to westerly winds than is most of the glacier, because the valley Leirskardalen breaks the north-south mountain barrier. In May 1990 samples were taken from the top 2.2m of the snowpack at 1470m. In July 1990, when coring revealed that the dirty 1989 summer surface at this site was 4.S m below the upper surface of the snowpack, samples were collected at 1470, 1370, 1230 and 980m ( Fig. I , Table I ). The pit at the lowest site reached glacier ice. A core was taken from the bottom of the pit at 1370 m , to a total below-surface depth of 6.S m; the 1989 summer surface was identified at 4.1 m. Sample thickness varied from pit to pit, but samples collected at a particular site were of uniform thickness. Separate samples collected for isotopic and ionic analyses were allowed to melt in sealed polythene bags before 
RESUL TS OF ISOTOPE ANALYSES
In 1989, the mean 8 1B O value at 14S0m (site 89.1) was -12 .910/00 (Table 2) . Values were relatively high between the surface and 0.48 m, and between I.S6 m and 2.16 m; between 0.48 m and 1.56 m, they were low ( Fig. 3) . At (site 89.3, mean 8 18 0 value: -11.01%0), there were some la rge differences of 8 18 0 values between adjacent samples; th e lower part of the snowpack (1.92-2.64 m: mean 8 18 0 valu e: -11. 65%0) was more depleted of th e heavy iso tope th a n was th e res t. The substantial range of 8 
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In July 1990, th e mean 8 18 0 valu e at 1470m (site 90. 1) was rel a tively high (-10.74%0 ). At 1370m (site 90.2 ), the pa ttern of iso tope ra tios in the old snow, down to 4. 1 m, was more complex than that in th e und erl ying firn , which was characterized by a progressive enrichment in 18 0 (Fig . 5 ) . I sotopic homogenisation was partic ul a rl y 4 Fig. 5 . In July 1990, at 1370m,jirn was covered by 4.1 m of snow. 8 18 0 variations were much smaller in the jirn than in the snow. Ionic concentrations were high at the 1989 summer sUlface. One sample collected for ionic analysis, at .... pronoun ced in the lowest metre of the cor e, between 5.5 a nd 6.5 m. The mean 8 18 0 value of th e old snow was -11 .67%0, that of th e und erlying firn -10 .96%0. At 1230 m (site 90.3 ) the 8 18 0 values were at a minimum in the centre of the profile (Fig. 6) ; the m ean was -12.5 1%0. At 980 m (site 90.4), on 16 July, the m ean 8 18 0 value was -12.68%0. In the following ten days, as the snow thickness decreased by 0.94m, principa ll y as a result of melting, the pack becam e isotopi cally more homoge neo us, and th e m ean 8 18 0 value rose to -11. 25%0.
RESULTS OF IONIC ANALYSES
All ionic concentrations were low, but mean values for the samples collected at 1470 m in M ay 1990 were mu ch high er than those found in the summer fi eld seasons. R elatively large amplitud e variations were present within the la te-winter snowpack.
In July 1989, mean ioni c concentrations decreased with a l ti tud e (T able 2). At 1450 m, maximum concentrations of indi vidual ions were at different d epths, but Ca 2 + and Mg2+ variations were similar. Cl-co ncentrations were more variable than were those of the other major ions . N0 3 -and Br2-were d etected in only four samples. At 1250 m, Na + and K + displayed similar stratigraphic va ria tions, as did Ca 2 + and M g2 + . Concentrations were lower tha n a t 1450 m, and were high est in th e lower part of the profile. At 1000 m, stra ti graphic variatio ns of each of the four principal ions were sim ilar. M ean concentrations were low (Table 2) , but those in snow whi ch was bound ed by ice layers at depths of 0.6 m and 1.0 m were high .
In July 1990 concentrations of most ions at 1370 m tended to decrease downwards from th e surface to a depth of about 1.5m (Fig. 5) , a nd the 1989 summer surface, at 4. 1 m, was marked by high concentrations of most ions. In the firn , concentrations of N a + were low, but those of other ions, including SO/ -, were relatively high. At 1230 m, patterns of distribution ofNa +, CI-a nd K + were similar, with generally higher values above a minimum at 1.0-1.5 m d epth (Fig. 6 ). M ean concentrations were well a bove those at si te 1370 m (T a ble 2). At 980 m , where all io ns disp layed similar stratig raphic p a tterns, m ean co ncentrations were relatively high (T able 2).
DISCUSSION
M a n y individual snowfalls contribute to the snow cover whi ch is present a t Okstindan towards th e end of th e winter. They differ in their composition , pa rtl y because differe nt aerosols a nd moisture sources h ave b een incorporated in th e air m asses from which precipitati on occurs, a nd partly because the air m asses have followed different routes from the ocean. Snow falling from a n air mass which has tra versed a su bstantial area of terrain of increasing altitude has a relatively low heavy isoto pe content. If the snow is precipitated from an air mass which has moved directl y from the coast with little increase of altitude, its 5 value is likely to be higher. At the end of a cold winter, the snow cover is m ore depleted of IBO than at the end of a mild one , beca use th e iso topic composition of precipitation is tempera ture-d ependent: 8 valu es are lower in colder periods (Dansgaard, 1964) . Because the 1989-90 win ter was cold er than that of 1988-89, 5 1B O values of th e snowpack at Austre Okstindbreen were lower a t the start of th e 1990 summer than at th e sa me time in th e previous year. Most of th e snow sampled at the lower sites in July 1989 had accumulated during the first half ofwinter, that whi ch fell later having been lost by ablation before samples were collected. H owever, wh en sampl es were collected at th e highest site ( 1450 m ), much of the snow which had fall en in February and M arch still re mained , because of the la ter onse t of a blation there. In Jul y 1990, more of the previous winter's accumulation had melted at 12 30 m than a t 1350 m, a nd even more had gone at 1000m.
Na: C l ratios indicate that marine so urces dominate th e snow deposited at Austre Okstindbreen. Other sources, including forests, lakes and crustal ma teri al, supply minor ionic species. The introdu ction of partic- ulate m a tter to Au stre Okstindbreen's acc umulation a rea by wind s a nd rainfall during the ablation season, which began earli er in 1990 th a n in 1989, was responsible, in part, for th e higher nea r-surface co ncentra tions of cations a nd a nions at 1350 m a nd 1230 m in 1990. Durin g th e ab latio n seaso n , elut ion of ions as meltwa ter percola tes dow n through th e snow res ults in depletion of solutes in the remaining pack, a nd ca uses differential cha nges of th eir concentration a t particular depths. Percolation is hind ered by ice layers within th e pack a nd by the und erl ying glac ier ice. Associa ted enrichmen t of adjacent snow was found a t 125 0 m and 1000 m in 1989 . Alth o ugh a blation a nd co mpaction between 5 M ay and 15 Jul y 1990 res ulted in 0.8m surface lowering at 1470 m, some of th e initi a l differences of isotopic co mpositi on were not smooth ed out by water percolation throug h th e pack, a nd associated IBO enri chm en t.
CONCLUSIONS
Th e winter snow pack at Austre Okstindbree n is built up by a succession of snowfalls. Its chemical (iso topi c a nd ionic) composition is influ enced by air mass traj ec tori es and by air temperatures du ring precipi tation in winter months. E a rl y-summ er ablation neith er removes nor smooths out a ll th e initial stra tigraphi c differences; the tendenc y toward s iso topi c homoge nisa tion is more pronoun ced a t lower a lti tudes, where melti ng of snow begins earli er.
In the first ha lf of th e 1988-89 winte r, most air m asses took a relatively short route between a ma rine so urce a nd Okstind an; la te-winter snowfalls were from air m asses which had had a longer contin en ta l ro ute. InJuly 1989 th e influ ence of newly acq uired , non-marin e impuriti es was more evid ent a t 1450 m than a t lower altitu des, where th ere had been more a blation.
The snow which acc umul ated durin g the first half of the 1989-90 winter was associated with air masses whi ch had followed longe r con ti nen tal rou les, a nd so brough t higher co ncentra tions of im purities from forests , la kes a nd crustal material. Th e low temperatures of D ecember a nd J a nu ary were refl ec ted in low 5 1B O valu es in the accumulated snow. Because the ablation season began earlier in 1990, summer winds and rain supplied more impurities to the snowpack surface than in 1989.
